in vitro studies of the effects of rhinovirus on human airway epithelium have used cells grown under conditions known to produce low levels of differentiation. The relevance of the results to native epithelium is questionable. Here we grew primary cultures of human tracheal or nasal epithelium under three conditions. One condition produced pseudostratified, mucociliary cells virtually indistinguishable from native epithelium. The other two conditions produced undifferentiated squamous cells lacking cilia. Cells were infected for 6 h with rhinovirus-16. After a 24-h incubation period, we determined levels of viral RNA in the cells, numbers of infectious viral particles released in the mucosal medium, expression of a variety of epithelial cytokines and other proteins, release of IL-6 and IL-8, and transepithelial electrical resistance and voltage. After infection, levels of viral RNA in the poorly differentiated cells were 30 or 130 times those in the differentiated. Furthermore, expression of mRNA for inflammatory cytokines, release of infectious particles, and release of IL-6 and IL-8 were closely correlated with the degree of viral infection. Thus well-differentiated cells are much more resistant to viral infection and its functional consequences than are poorly differentiated cells from the same source. ion transport; porous-bottomed inserts; short-circuit current; transepithelial electrical resistance RHINOVIRUS (RV) causes severalfold increases in the output of a variety inflammatory cytokines from human airway epithelial cell lines (29, 41) and from primary cultures of human airway epithelium (18, 23, 31, 39) . However, the cell lines used (A549 and BEAS-2B) generally do not form tight junctions (17, 25) , and the primary cultures were grown on solid supports, an approach known to produce highly undifferentiated cells (36). We questioned whether results obtained on such cultures were really representative of viral infection of native epithelium. Accordingly, we have grown cells from the same tracheas and nasal scrapings under several different culture conditions to achieve a range of differentiation from a squamous to a full-blown pseudostratified, mucociliary phenotype. We then compared the susceptibility of these various cultures to viral infection.
RHINOVIRUS (RV) causes severalfold increases in the output of a variety inflammatory cytokines from human airway epithelial cell lines (29, 41) and from primary cultures of human airway epithelium (18, 23, 31, 39) . However, the cell lines used (A549 and BEAS-2B) generally do not form tight junctions (17, 25) , and the primary cultures were grown on solid supports, an approach known to produce highly undifferentiated cells (36) . We questioned whether results obtained on such cultures were really representative of viral infection of native epithelium. Accordingly, we have grown cells from the same tracheas and nasal scrapings under several different culture conditions to achieve a range of differentiation from a squamous to a full-blown pseudostratified, mucociliary phenotype. We then compared the susceptibility of these various cultures to viral infection.
METHODS
Tracheal epithelial cells were obtained by protease digestion postmortem, as described previously (38) . They were suspended in a 1:1 mixture of DMEM and Ham's F-12 medium (DMEM-F-12) containing 5% FBS and seeded at 5 ϫ 10 5 cells/cm 2 on 1.13-cm 2 Transwell polycarbonate inserts (no. 3401; Costar, Corning, NY) or glass coverslips (12 mm diameter) in the bottom of 24-well plates. All growth surfaces were coated with human placental collagen, as described previously (3) . The day after plating, the DMEM-F-12 over the coverslips and over half the filters was replaced with "Gray's medium" (8) , a medium whose composition (as used by us) is fully described elsewhere (22) . The other half of the inserts received DMEM-F-12 supplemented with 2% Controlled Process Serum Replacement no. 1 (Sigma, St. Louis, MO), "CPSR medium." Cells in inserts were grown with an air-liquid interface (i.e., medium was only added to the outside of the insert, the cell's basolateral surface). Cells on coverslips were immersed in 0.6 ml of medium to an average depth of 3 mm. Gray's medium induces a pseudostratified mucociliary phenotype in cells on inserts, whereas cells grown in CPSR medium are squamous and undifferentiated (22) . Immersion feeding on glass coverslips also produces squamous poorly differentiated cultures (36) .
Nasal epithelial cell cultures were obtained as described (14) . In brief, scrapings were obtained from healthy volunteers after local vasoconstriction and anesthesia. After each nostril was rinsed four times with saline solution (5 ml per rinse per nostril), the medialinferior surface of the inferior turbinate was gently scraped three to four times in each nostril using a 3-mm metallic ear curette (Storz, Culver City, CA). The cells were pooled in 600 l of DMEM-F-12 and used after one passage as described (14) .
To measure transepithelial electrical resistance (R te ) and transepithelial potential difference (V te) we added 500 l of PBS to the cell's mucosal surface and then used a "chop-stick" voltmeter (Millicell ERS; Millipore Products, Bedford, MA). The measurements took ϳ1 min, after which the PBS was immediately removed. Cells on coverslips were 100% confluent (as revealed by an inverted microscope) and at least in some cases formed tight junctions, as indicated by the formation of "domes" (13) .
Experiments were performed 2 wk after plating (ϳ10 days after attaining confluence). At this point, RV-16 passage 3 (originally obtained from Elliot Dick of the University of Wisconsin Madison Medical School) at a tissue culture infectious dose (TCID 50) of 10 6 /ml was added to the mucosal surface of cells on inserts (100 l) or coverslips (200 l). Control cells received the same volume of medium (PBS). After 6 h (or 1 h where specified in the text), the viral suspension (or PBS) was removed, the mucosal surface was washed three times with 500 l of PBS, and the final rinse was retained. Cells were then allowed to recover for 24 h with an air-liquid interface (if they were grown on porous-bottomed inserts). The mucosal surface (of cells on inserts) was then flushed with 500 l of PBS, and the flushings were retained. The medium over the cells on coverslips was also removed and kept. Rte and Vte were then determined, and the basolateral medium (0.7 ml) was retained. The filters or coverslips, with attached cells, were cut or broken in half. One half was placed in RLT buffer (RNeasy lysis buffer; Qiagen, Valencia, CA). The other half was fixed in buffered formaldehyde (10 min) and stored in 70% ethanol.
To determine viral titer, samples were serially diluted in half-log units, and 100 l of each dilution were inoculated in duplicate wells of confluent human fetal diploid lung cells in 96-well plates. Cytopathic effects were determined on the 1st, 2nd, and every other day thereafter up to the 14th day. The titer was calculated based from the reciprocal of highest dilution showing cytopathic effects using the Reed-Munsch formula (12) .
Interleukin (IL)-8 and IL-6 were determined by ELISA with kits from R & D Systems (Minneapolis, MN).
Levels of RNA for RV-16 and mRNA for a variety of mammalian proteins were determined in the cell lysates by a recently described (5) two-step method of gene transcript profiling in which multiplex RT-PCR is combined with individual gene quantification via real-time PCR on generated cDNA product. This method was specifically designed for quantification of multiple low-abundance transcripts using as little as 2.5 fg total RNA/gene. Total RNA was isolated from epithelial cells using the RNeasy mini kit (Qiagen), including DNase I treatment with RNase-free RQ1 DNase (Promega, Madison, WI). Gene-specific primers for multiplex RT-PCR and TaqMan were designed using "Primer Express" software (Perkin-Elmer, Foster City, CA) based on sequencing data from NCBI databases and were purchased from Biosearch Technologies (Novato, CA). Both sets of the primers were nested, and RT-PCR products were within the 250-bp range (http://asthmagenomics.ucsf.edu). Reverse transcription was performed using PowerScript RT under conditions described by the manufacturer (Clontech, Palo Alto, CA). In all reactions, cDNA was synthesized in 20 l using 5-10 ng of total RNA with 200 nM random hexamers. All the reactions contained 1 units of Superase RNase inhibitor (Ambion, Austin, TX). Optimization of multiplex hot-start PCR was done as described, using KlenTaq DNA polymerase (cDNA Advantage Mix from Clontech). Each PCR reaction (50 l) contained 1-10 l of cDNA from the RT step and up to 19 gene-specific primer sets, at 100 nM each. Before amplification, the reaction was heated (94°C, 2 min) to inactivate the anti-Taq antibody followed by 0-25 cycles with 94°C for 30 s, 55°C for 30 s, and 70°C for 45 s. Typically, 2.5-50 fg of total RNA were used in 10 l of Universal Master Mix (Perkin-Elmer). All forward and reverse TaqMan primers were optimized, and transcript quantifications were run in duplicates with RT cDNA controls on an ABI Prizm 7900 Sequence Detection System (PE Applied Biosystems, Foster City, CA). Raw data from ABI Prizm7900 were processed in Excel (Microsoft, Redmond, WA) spreadsheets using software that automated proper baseline selection and cycle threshold calculation for each of the genes on a 384-well plate, as described previously (5). We measured mRNA for IL-1␤, IL-6, IL-8, tumor necrosis factor (TNF)-␣, regulated on activation normal T-cell expressed and secreted (RANTES), eotaxin-3, intercellular adhesion molecule (ICAM)-1, cystic fibrosis transmembrane conductance regulator (CFTR), chloride channel numbers 1 and 3 (CLC1 and CLC3, respectively), S100 calcium-binding protein A4 (S100A4), interferon-inducible double-stranded RNAdependent protein kinase (PRKR), and transcript variant-␣ of B cell CLL/lymphoma 2 nuclear gene (BCL2A). mRNA levels were expressed as relative gene copy numbers (RGCN) that had been normalized to the most stable housekeeping genes across the specimens. At least six different housekeeping genes at a time were measured for every specimen. GeNorm software (33) was used to identify the two most stable specimens across the samples, and the geometric means of these two was used for normalization.
Unless specified, all steps in the fluorescence in situ hybridization (FISH) protocol were performed at room temperature. Cell sheets were digested for 10 min at 37°C in proteinase K (Sigma P-6556; 1 g/ml, 0.1 M Tris, 50 mM EDTA, pH 7.6), followed by washes in 0.2% glycine in PBS (1 min) to block remaining proteinase and PBS (5 min). Tissues were then postfixed for 10 min in 4% paraformaldehyde in 0.1 M Na/K phosphate buffer (pH 7.4), followed by a 5-min PBS wash, a 2-min exposure to 0.1 M triethanolamine (TEA) at pH 8.0, acetylation for 10 min (0.1 M TEA, 0.25% acetic anhydride), and a PBS wash (5 min). This was followed by hybridization at 37°C overnight in a mixture of 1ϫ hybridization solution (Sigma H-7140), 30% deionized formamide (molecular biology grade), 250 g/ml tRNA (Sigma R-8759), 10% dextran sulfate, and 2 g/ml each 3Ј-labeled digoxigenin oligonucleotide probes PB4 and PB5 (Lofstrand Laboratories, Gaithersburg, MD), as used by others (1). Next, cell sheets were washed in 30% deionized formamide in 2ϫ sodium citrate/chloride buffer (SSC) for 10 min and two times in 2ϫ SSC (10 min) and exposed for 5 min to blocking buffer (3% BSA, 4ϫ SSC, 0.1% Tween 20). This was followed by a set of steps at 37°C in blocking buffer as follows: anti-digoxigenin-fluorescein-labeled antibody (1-207-741, Roche Diagnostics, Indianapolis, IN; 1:100 dilution; 1 h), a wash (60 min), biotinylated anti-fluorescein antibody (BA-0601, Vector Laboratories, Burlingame, CA; 1:100 dilution; 30 min), fluorescein-labeled avidin (A-3101, Vector Laboratories; 1:100 dilution; 60 min), and 2 washes (5 min each). Cells were then washed three times for 5 min each with PBS, followed by staining of nuclei with propidium iodide (0.5 g/ml; 2 min) and a PBS wash (5 min). They were then placed on slides with 35 l of "Fluorogard" anti-fade reagent (Bio-Rad, Richmond, CA) and covered with a coverslip.
For immunocytochemistry of centrin, fixed cell sheets were exposed to prechilled methanol (Ϫ20°C) for 10 min. They were then washed three times (5 min each) in PBS and blocked for 30 min at 37°C in 3% BSA and 0.1% Tween 20 in 4ϫ SSC. This was followed by exposure (60 min, 37°C) to anti-human centrin antibody (a gift from Dr. J. L. Salisbury, Mayo Clinic, Rochester, MN). Cells were then rinsed in PBS (3 ϫ 5 min), reblocked (5 min), and exposed to secondary antibody (goat anti-mouse-FITC, 1:100; Jackson Immunoresearch Laboratories, West Grove, PA) for 60 min. After being washed with PBS (3 ϫ 5 min), the cells were exposed to propidium iodide (0.5 g/ml) and mounted under a coverslip in anti-fade reagent. Specimens for both FISH and immunocytochemistry were viewed with a confocal microscope (model L510; Zeiss).
Differences between means were compared by ANOVA or t-test, with P Ͻ 0.05 being considered statistically significant.
RESULTS
Tracheal epithelium. Figure 1 shows Z-projections of X-Y stacks obtained on the confocal microscope. The cells had been stained for cilia with anti-centrin antibody, and their nuclei were stained with propidium iodide. Figure 1A shows that cells grown on coverslips consisted of a single layer of highly squamous cells that lacked cilia and were ϳ5 m in height. In CPSR medium (Fig. 1B) , two layers of cells were present, but the cells were still also highly squamous (ϳ10 m in height) and also lacked cilia. By contrast, cells on inserts grown in Gray's medium were pseudostratified, 40 m in height, and contained abundant cilia. These results are in excellent agreement with those of our earlier studies (22, 36) .
The cells in Gray's medium had R te that was ϳ15 times greater than in CPSR medium (1,186 Ϯ 105 vs. 77 Ϯ 10 ⍀⅐cm 2 , n ϭ 10). Transepithelial voltage was 24.5 Ϯ 0.5 mV in Gray's and 0.5 Ϯ 0.04 mV in CPSR medium. These values correspond to equivalent short-circuit currents (I eq ϭ V te /R te ) of 22 Ϯ 2 A/cm 2 in Gray's medium and 6 Ϯ 1 A/cm 2 in CPSR medium.
Exposure to mucosal virus led to declines in R te (Ϫ28 Ϯ 15% for cells grown in Gray's; Ϫ15 Ϯ 5% for cells grown in CPSR medium). However, exposure to mucosal PBS led to equivalent declines (Ϫ49 Ϯ 8% for Gray's; Ϫ14 Ϯ 12% for CPSR medium). In Gray's medium, I eq was reduced equally by exposure to virus (Ϫ67 Ϯ 6%) or to PBS (Ϫ54 Ϯ 4%). In CPSR medium, the changes in I eq produced by virus or by PBS were variable, reflecting the low (and comparatively unreliable) estimates of V te ; but the changes with virus were not significantly different from zero, and not significantly different from those with PBS alone.
As described in METHODS, after a 6-h exposure to virus (or PBS alone), the mucosal surface was rinsed three times with PBS, and the final rinse was retained. After a 24-h postexposure period, the mucosal surface was again rinsed with PBS. Control cells showed no virus (TCID 50 Ͻ 10 0.5 ) in the final rinse at the end of the 6-h exposure period nor in the rinse at the end of the 24-h postexposure period. In cells exposed to virus, no particles were present in the final rinse at the end of the exposure period. Thus cells started the postexposure period free of virus in the mucosal medium, and any viruses obtained from the mucosal surface of the cells at the end of the postexposure (incubation) period of necessity would have been generated by the cells themselves and not merely have been left over from the original inoculum. Two of four cell sheets grown in Gray's medium and exposed to virus had no detectable levels of virus on their mucosal surfaces at the end of the postexposure period, whereas two had TCID 50 values of 10.
Thus the average TCID 50 for all cultures grown in Gray's medium was 4 Ϯ 2 (n ϭ 5). By contrast, for cells grown in CPSR medium, the TCID 50 of virus in the mucosal rinse was 48,600 Ϯ 21,400 (n ϭ 5; range ϭ 10 3.5 to 10 5 ). The mucosal medium of cells grown on coverslips had TCID 50 of 3,095 Ϯ 1,791 (n ϭ 5; range ϭ 10 2.5 to 10 4 ). Low levels of viral mRNA were detectable in cell lysates from control (i.e., unexposed) cells from all three culture conditions (Table 1) . It is possible that this represents crosscontamination during tissue processing. But, after viral exposure, viral RNA levels in the cell lysates increased from 19-to 900-fold (Table 1) so that the levels of expression became CPSR medium Ͼ coverslip Ͼ Ͼ Gray's medium in the relative ratios 130:26:1. Across the three culture conditions, the levels of viral RNA in the cells correlated with the viral titers in the mucosal rinse (Fig. 2) .
By FISH, cells positive for RV-16 RNA were detectable in cells under all culture conditions (Fig. 3A) . At higher magni- Data are means Ϯ SE; n ϭ 5 experiments. Units are relative gene copy no. (RGCN). ANOVA revealed the following sequences: Controlled Process Serum Replacement (CPSR) medium Ͼ Gray's ϭ coverslip for cells not exposed to virus, and CPSR medium Ͼ coverslip Ͼ Gray's for exposed cells. fication, two staining patterns were distinguishable. In some cells, the nucleus was entirely surrounded by viral particles and had largely disintegrated (Fig. 3B) . In other cells, viral particles were found in the perinuclear region and had started to distort the nucleus from its usual spherical shape (Fig. 3C ). Infected cells were invariably in the layer immediately adjacent to the mucosal surface (i.e., they were cells with an apical membrane). Once able to detect RV-16 RNA by FISH reliably, we addressed the issue of whether the increased viral production in CPSR medium compared with Gray's medium was the result of more infected cells or more virus produced per infected cell. When focused on the layer of nuclei immediately under the apical membrane, we found that, in Gray's medium, 1.4% of cells exposed to virus were positive for RV-16, as opposed to 0.0% of control, unexposed cells ( Table 2 ), values that were statistically different from one another ( 2 -test). By contrast, in CPSR medium, 9.6% of cells were infected (Table 2) In cells not exposed to virus, levels of mRNA for RANTES were similar for all three culture conditions. However, mRNAs for IL-6, IL-8, and TNF-␣ were significantly higher in undifferentiated than differentiated cells (Fig. 4) . Levels of PRKR mRNA were in the order coverslip Ͼ Gray's Ͼ CPSR (ANOVA). The changes in mRNA of all these proteins paralleled the increases in cytosolic RV-16 RNA (Fig. 4) . Thus, in Gray's medium, only the mRNAs for IL-6 and PRKR were significantly changed by viral infection (Table 3 and Fig 4) .
However, mRNA for IL-6, PRKR, RANTES, IL-8, and TNF-␣ were all significantly increased by virus in cells grown in CPSR medium, and these changes were all significantly greater than those seen in Gray's medium. Cells grown on coverslips showed changes in mRNAs intermediate between those seen in cells grown on inserts in either Gray's or CPSR medium (Fig.  4) . For RV-16, RANTES, IL-6, and TNF-␣, the virally induced changes in mRNA were significantly greater for cells in CPSR medium on inserts than in cells on coverslips.
To determine more precisely the correlation between levels of viral infection and increased expression of specific mRNAs, for each tissue exposed to virus the increase in viral RNA was taken as the difference between the viral RNA in that tissue and the mean of the baseline value for viral RNA. Increases in mRNA for specific epithelial proteins was calculated in the same way, and the best least-squared linear regressions of the increase in specific epithelial mRNA on the increase in viral RNA were determined. The regressions were statistically significant for IL-6 (R ϭ 0.954), RANTES (R ϭ 0.921), TNF-␣ (R ϭ 0.872), IL-8 (R ϭ 0.836), and PRKR (R ϭ 0.675); the regression for RANTES is shown in Fig. 5 .
Significant declines in mRNA for S100A4, CLC3, BCL2A, CLC1, and CFTR were induced by viral infection in cells on coverslips or on inserts in CPSR medium (Table 3) . However, these mRNAs were not changed by viral infection of cells in Gray's medium. mRNAs for ICAM-1, eotaxin-3, and IL-1␤ were not altered by viral infection of any of the three types of cells (Table 3) .
In all experiments on cells grown on inserts in CPSR medium, viral infection increased output of IL-6 (Fig. 6) , and in about one-half of the experiments release of IL-8 was also increased (Fig. 6) . By contrast, in five experiments with cells on inserts in Gray's medium, RV infection usually failed to increase release of IL-6 and never altered release of IL-8. To better compare the responses of cells grown on inserts in the two different media, Table 4 shows results from experiments in which cells from the same trachea were grown on inserts in Gray's medium or CPSR medium, as well as on coverslips. In these experiments, viral infection had little effect on the output of IL-8 under any culture conditions (Table 4) . However, viral infection increased IL-6 output across both the apical and basolateral membranes of cells on inserts in CPSR medium by from 2.5-to 4-fold (Table 4) . Similarly, IL-6 output from cells on coverslips was increased ϳ2.5-fold by viral infection (Table 4). The absolute levels of IL-6 released from cells exposed to virus (in ng⅐cm Ϫ2 ⅐day Ϫ1 across apical and basolateral membranes combined) were in the order CPSR medium (2,540 Ϯ 162) Ͼ coverslip (41 Ϯ 5) Ͼ Gray's medium (20 Ϯ 3).
Nasal epithelium. The effects of media on histology were similar for nasal and tracheal cells. Thus nasal cells grown in CPSR medium were ϳ5 m in height and unciliated, whereas those in Gray's medium were ϳ50 m in height with mucociliary phenotype (data not shown). Cells in Gray's medium had R te of 504 Ϯ 70 ⍀⅐cm 2 and V te of 15 Ϯ 3 mV. Changes in R te and I eq induced by viral exposure (Ϫ33 Ϯ 14 and 20 Ϯ 23%, respectively) were similar to those produced by medium alone (Ϫ28 Ϯ 14 and 102 Ϯ 7%). By contrast, cells in CPSR medium had R te that was not significantly different from zero (7 Ϯ 6 ⍀⅐cm 2 ) and had undetectable V te . In Gray's medium, viral infection increased RV-16 RNA significantly from 951 Ϯ 348 to 152,000 Ϯ 50,000 RGCN. By contrast, in CPSR medium, the increase was almost 100-fold greater, from 6,360 Ϯ 1,570 to 12,300,000 Ϯ 1,300,000 RGCN. It is notable that, for cells grown in CPSR medium, the increase in viral mRNA for the nasal cells (12,300 ϫ 10 Although the mRNA for IL-8, IL-6, RANTES, TNF-␣, IL-1␤, and PRKR all increased significantly after viral infection in CPSR medium, these mRNAs showed no change in cells grown in Gray's medium (Fig. 7) . In agreement with results on tracheal cells, viral infection of cells in CPSR medium caused significant decreases in mRNA for S100A4 (Ϫ37%), CLC3 (Ϫ37%), and CFTR (Ϫ57%). Again, these mRNAs did not change significantly after viral infection in Gray's medium. mRNAs for eotaxin and CLC1 were not changed significantly by viral infection in either medium.
Interestingly, the baseline levels of mRNA for ICAM-1 were similar for Gray's (11,400,000 Ϯ 1,900,000 RGCN) and CPSR medium (7,500,000 Ϯ 800,000 RGCN), although the increases in RV-16 RNA on viral infection differed almost 100-fold between the two conditions (152 Ϯ 50 ϫ 10 3 RGCN in Gray's RGCN) . PRKR, interferon-inducible double-stranded RNA-dependent protein kinase; CLC3, chloride channel 3; RANTES, regulated on activation normal T-cell expressed and secreted; BCL2A B cell CLL/lymphoma 2; ND, not detectable. and 12,300 Ϯ 1,300 ϫ 10 3 RGCN in CPSR medium). Although viral infection had no effect on ICAM-1 mRNA in Gray's medium (ϩ12%), it was significantly increased (ϩ139%) in CPSR medium.
The effects of viral infection on output of IL-6 and IL-8 from nasal cells are shown in Table 5 . Viral infection had no effect on release of IL-8 and IL-6 from cells in Gray's medium but significantly increased basolateral and apical release of IL-6 and basolateral release of IL-8 from cells in CPSR medium.
DISCUSSION
There have been several reports that cell lines of human airway epithelium, when infected with RV, increase their output of inflammatory cytokines. Thus 1 day after exposure to RV-14, BEAS-2B cells showed increased release of IL-8, IL-6, and granulocyte-macrophage colony stimulating factor (GM-CSF) (29) . A549 cells also show increased output of IL-6 in response to RV-14 (41) . Similar results have been obtained on primary cultures of human tracheal epithelium. Terajima et al. (31) , for instance, showed RV increased release of IL-6, IL-8, TNF-␣, and IL-1␤ from primary cultures of human tracheal epithelium, and the same group obtained similar results with primary cultures of human tracheal gland cells (39) . Secretion of RANTES and GM-CSF from primary cultures of human tracheal epithelium is also increased by rhinoviral infection (23) .
Several groups (37, 38, 40) have developed conditions that produce airway epithelial cultures consisting of polarized cells with excellent pseudostratified mucociliary histology. However, little attention has been paid to the phenotype of the primary cell cultures used in most studies of rhinoviral infection. Cells have invariably been grown on solid supports, a form of culture that produces cells with much lower levels of differentiation than does growth on porous-bottomed inserts (36) . In other cases (23), the cells had been passaged up to five times, again a procedure that is known to reduce cell quality. In fact, we have found that primary cultures of airway surface epithelium (Widdicombe and Sachs, unpublished observation) or glands (7) cease to form tight junctions and polarize after four or five passages. We wondered, therefore, how applicable many of the in vitro studies of rhinoviral infection were to infections of pseudostratified mucociliary epithelium in vivo.
In an attempt to address this issue, we grew cells under three different conditions, two that produced dedifferentiated (i.e., squamous unciliated) cells and one that produced differentiated cells of pseudostratified mucociliary appearance. We then compared how they responded to infection with RV. We found that the undifferentiated cultures showed much higher levels of viral infection (measured in terms of both viral RNA in the cells and numbers of infectious particles released) than did differentiated cells. Furthermore, whereas the undifferentiated cells showed increased expression (and release) of a variety of inflammatory cytokines in response to viral infection, the well-differentiated cells did not respond.
Viral infection had no effects on measures of tissue barrier function (R te ) or metabolism (I eq ), nor were any signs of cytotoxicity seen under the inverted microscope for any of the culture conditions. Thus viability was apparently unaffected by viral infection. This is in agreement with results on confluent cultures using several rhinoviral strains (2, 18, 31), although RV-49 is cytotoxic (23) .
Across the three culture conditions, there was good correlation between viral RNA produced in the cells and the numbers of infectious particles released in the mucosal medium (Fig. 2) . The dependence of viral titer on cytoplasmic viral RNA was exponential, suggesting that, over the range of infection seen here, the efficiency of viral production increased with increasing levels of viral RNA. By FISH, we found that only cells in the upper layer of the epithelium were infected, and, in agreement with other results on primary cultures of human airway epithelium (15) , these constituted only a small fraction of the total (1% in Gray's medium and 10% in CPSR medium). However, interpretation of this difference is complicated by the marked differences in histology between the two types of cell culture. Thus average apical membrane surface area of squamous dedifferentiated cells in general is approximately four times greater than for well-differentiated cultures (22, 36) . Therefore, in terms of infected cells per square centimeter of epithelium, the difference between cells grown in CPSR medium vs. Gray's medium is reduced to ϳ3:1. However, the levels of infectious particles produced per unit area were 10,000-fold greater in CPSR medium than Gray's. Thus the main reason for the difference in viral titer between differentiated and dedifferentiated cultures is that dedifferentiated cells produce more virus particles per cell than do differentiated.
In tracheal cells, the baseline levels of ICAM-1 mRNA, the increase in RV-16 RNA after infection, and the numbers of infectious particles released were all in the order CPSR medium Ͼ coverslip Ͼ Gray's medium. Furthermore, for all individual cell sheets, the best least-squares linear regression for the dependence of RV-16 RNA on ICAM-1 mRNA was significant (R ϭ 0.73, n ϭ 15; for this analysis, we used the ICAM-1 mRNA levels in the infected cells, since this was not changed significantly by viral infection). This suggests that the levels of ICAM-1, which is the receptor for RV (27) , are a primary determinant of the degree of viral infection. However, when results from nasal and tracheal cells were combined, the dependence of the mean increase of RV-16 RNA on the corresponding mean baseline level of ICAM-1 was no longer significant. This was because the nasal cells grown in CPSR medium gave a disproportionately large increase in RV-16 RNA for their baseline levels of ICAM-1 mRNA. Thus the numbers of virus bound may be significantly influenced by factors other than ICAM-1 levels. Specifically, we note that the nasal cells grown in CPSR medium were the only ones that had no functional tight junctions (R te ϭ 0) and suggest that this is in some way linked to their higher levels of infection with virus.
In well-differentiated cells, viral infection had little effect on the levels of expression of RANTES, IL-6, IL-8, or TNF-␣. However, mRNA for all these inflammatory cytokines was increased markedly when undifferentiated cells grown in CPSR medium were infected. Across culture conditions, virally induced increases in mRNA for all these cytokines showed significant linear regressions on the levels of viral RNA in the infected cells. This presumably represents a defensive response on the part of the epithelium, for all these cytokines are capable of mounting an immune response to the infecting virus (4, 21, 28, 32) . Changes in mRNA for IL-6 and RANTES correlated most closely with the levels of viral mRNA. However, whereas RANTES mRNA was little affected by culture conditions, in tracheal cells baseline levels of IL-6 mRNA varied over a 40-fold range. Thus RANTES mRNA (or perhaps secreted RANTES) may make the best surrogate marker for viral infection, a conclusion supported by the results of others (11, 19, 23) .
Output of IL-8 was affected little by viral infection. Only cells with the highest viral loads (i.e., nasal cells in CPSR medium) showed an appreciable increase (ϳ2-fold) in IL-8 release. By contrast, IL-6 release was increased from most of the different types of cell culture used here, with the largest increase (ϳ4-fold) being from tracheal cells in CPSR medium. These virally induced changes in IL-6 and IL-8 output from cells in CPSR medium are similar to those reported by others (11, 31) , who have also found that IL-6 output increases more in response to rhinoviral infection than does IL-8 output (31, 39) . When, for all five combinations of culture conditions and cells, the virally induced changes in IL-6 release (in ng⅐cm Ϫ2 ⅐day
Ϫ1
) were plotted against the corresponding changes in IL-6 mRNA, the best least-squared linear regression was highly significant (R ϭ 0.95).
The increases in PRKR on infection with RV were to be expected given the importance of this kinase in mediating the antiviral effects of interferons (9) . Our finding that eotaxin mRNA levels were unaltered by rhinoviral infection is in apparent disagreement with a recent report (19) . However, the latter study used BEAS-2B cells, and measured eotaxin-2, not eotaxin-3. Also, the effects were small. Thus, even with expo- sures to virus of 24 or 48 h, eotaxin-2 mRNA levels were increased not at all or approximately twofold, respectively. In undifferentiated cells, the levels of mRNA for three different chloride channels (CFTR, CLC1, and CLC2) decreased (by 30-70%) on infection with RV. Given the small number of infected cells, these decreases seem likely to have occurred in uninfected cells, perhaps caused by the actions of cytokines released from the infected cells. Despite these changes in chloride channel mRNA, neither V te nor I eq across the cultures was changed by viral infection, a predictable result given that, under baseline conditions, active chloride secretion is of minor importance in the generation of V te (38) .
Several groups have reported that infection of airway epithelium with RVs upregulates ICAM-1 and its mRNA (2, 9, 24, 31, 39) . In particular, one group found upregulation of ICAM-1 in primary cultures of human bronchial epithelium after 8 h of continuous exposure to virus (with no postexposure period; see Ref. 20) . We were surprised therefore that our tracheal cells showed no change in ICAM-1 mRNA after 6 h of viral exposure and a 24-h postexposure period. We note, however, that our tracheal cells had formed tight junctions, as evidenced by finite transepithelial resistance of cells on inserts and the formation of domes by cells grown on glass coverslips. In the one set of cells that failed to form tight junctions and had zero R te (i.e., nasal cells grown in CPSR medium), we found that viral exposure caused a significant 2.5-fold increase in ICAM-1 mRNA, a change that is similar to that reported by others. In our experience, attainment of confluency is not always associated with development of R te . Thus we speculate that, although the primary cultures of human airway epithelium used by others were confluent, they may not have formed tight junctions, and this explains the difference between their and our results with ICAM-1.
In fact, our results show that the degree of viral infection and the extent of its sequelae are inversely related to R te , which in airway epithelial cells reflects mainly the tightness of the tight junctions (35) . Thus, for cells on inserts, tracheal cells in Gray's medium had R te of 1,200 ⍀⅐cm 2 and 2,000 RGCN of viral RNA after infection; for nasal cells in Gray's medium, 500 ⍀⅐cm 2 and 150,000 RGCN; for tracheal cells in CPSR medium, 80 ⍀⅐cm 2 and 230,000 RGCN; for nasal cells in CPSR, 0 ⍀⅐cm 2 and 12,300,000 RGCN. Why should the opening of tight junctions and breakdown of barrier function result in increased infection by viruses? Perhaps loss of tight junctions could allow uptake of virus across the basolateral membrane; ICAM-1 is found on both basolateral and apical membranes of airway epithelial cells (30) . In this regard it is worth noting that adenovirus, one of the viruses that causes colds (6), enters airway epithelial cells much more efficiently across the basolateral than the apical membrane (34) . Alternatively, the breakdown in polarity resulting from loss of tight junctions would have global effects on protein trafficking and expression that could by unknown mechanisms enhance viral binding or viral production.
In conclusion, we show that rhinoviral infection and its sequelae are much more pronounced in undifferentiated than differentiated cultures of human airway epithelium, and circumstantial evidence suggests that this difference is accounted for by a breakdown of the tight junctions in the dedifferentiated cells. Whatever the exact mechanisms for the differences between undifferentiated and differentiated cells, it is important to ask why the differentiated cells are better protected from the effects of RV. Furthermore, if our results apply to native epithelium in vivo, then the ability of RV to cause colds and trigger asthma attacks may be markedly enhanced by prior damage to the airway epithelium. This conclusion is supported by the findings that smokers have increased mucosal airway permeability (10) and are subject to more frequent and worse colds than nonsmokers (16) . They are also at higher risk of asthma attack (26) .
